A wide range of motor function declines with aging. Motor adaptation, which occurs when participants learn to reach accurately to a target despite a perturbation, does not deviate from this rule. There are currently three major hypotheses that have been put forward to explain this age-related decline in adaptation: deterioration of internal model recalibration due to age-related cerebellar degeneration, impairment of the cognitive component of motor adaptation, and deficit in the retention of the learned movement. In the present study, we systematically investigated these three hypotheses and demonstrate that age-related deficits in motor adaptation are not due to impaired internal model recalibration or impaired retention of motor memory. Rather, we found that the cognitive component was reduced in older people. Therefore, our study suggests the interesting possibility that cerebellarbased mechanisms do not deteriorate with age despite cerebellar degeneration. In contrast, internal model recalibration appears to compensate for deficits in the cognitive component of this type of learning.
Introduction
The brains of healthy young adults have the ability to quickly adapt motor behaviors to changes in the environment, even if these changes are dramatic (Shadmehr, Smith and Krakauer, 2010) . In contrast, the aging brain is slower to adapt to external perturbations in order to maintain optimal motor performance (Fernández-Ruiz et al., 2000; Seidler, 2006 Seidler, , 2007 . Three hypotheses have been put forward to account for this age-related decline in adaptation. Following the widely accepted internal model hypothesis, deficits in motor adaptation are due to age-related degeneration of the cerebellum (Seidler, 2006 (Seidler, , 2007 Boisgontier and Nougier, 2013; Bernard and Seidler, 2014; Boisgontier, 2015; Hulst et al., 2015; Sugiura, 2016) , whose role is crucial for internal model recalibration. Indeed, the cerebellum contains internal models of the body and of the world and makes predictions by transforming motor commands in sensory consequences (Wolpert, Miall and Kawato, 1998; Imamizu et al., 2000; Shadmehr and Krakauer, 2008; Shadmehr, Smith and Krakauer, 2010) . The cerebellum allows us to make accurate movements by comparing the predicted and the observed sensory consequences (i.e. sensory prediction error), and adapting our following movement in order to reduce the sensory prediction error (Shadmehr and Mussa-Ivaldi, 1994; Shadmehr, Smith and Krakauer, 2010) . However, the cerebellum shrinks substantially with aging (Raz et al., 2005) and a significant Granule and Purkinje cell loss is observed in the anterior lobe of the cerebellum which is predominantly involved in motor control (Andersen, Gundersen and Pakkenberg, 2003) . A second hypothesis (strategy hypothesis) states that recalibration of the internal model is unimpaired by aging (Bock, 2005; Bock and Girgenrath, 2006; King et al., 2013) because some signature of internal model function (namely, the after-effects; Shadmehr and Mussa-Ivaldi, 1994 ) was identical or larger for elderly adults compared to younger adults (Fernández-Ruiz et al., 2000; Buch, Young and Contreras-Vidal, 2003; Hegele, 2008, 2014; Hegele and Heuer, 2010) . Moreover, these studies also show that older adults have difficulties acquiring and using explicit strategies for correcting the perturbation by aiming their movement to a different direction Hegele, 2008, 2014; Hegele and Heuer, 2010) . Accordingly, there is no difference in saccadic adaptation between young and old participants when the task is purely based on internal model recalibration (i.e. implicit) while there are age-related differences when the same task includes an explicit component (Huang, Gegenfurtner and Schütz, 2017) . Finally, the third hypothesis (retention hypothesis) posits that age-related impairments in motor adaptation stem from a deficit in short-term retention (Bock and Schneider, 2002; Trewartha et al., 2014; Malone and Bastian, 2015) , which would lead to slower and lesser adaptation (Trewartha et al., 2014) . Following the retention hypothesis the rate of retention from trial to trial but not the learning rate is reduced with age, which results in reduced motor adaptation.
So far, there is no clear consensus in the existing literature about the underlying mechanisms that cause the effect of aging on motor adaptation. Therefore, in this study, experiments are performed to test each of the three above-mentioned hypotheses. To test the internal model hypothesis, isolated measures of internal model recalibration were obtained through different paradigms. We investigated internal model recalibration by quantifying single-trial error-based learning (Marko et al., 2012) and by quantifying drift during task-irrelevant clamped feedback (Morehead et al., 2017) . Single-trial errorbased learning (as in Marko et al., 2012) allows us to quantify sensitivity to error by presenting visual perturbations of different sizes to participants. The sensitivity to error increases with increasing error sizes but also saturates at a certain error magnitude (Fine and Thoroughman, 2006; Wei and Körding, 2009; Marko et al., 2012; Kasuga, Hirashima and Nozaki, 2013; Kim et al., 2018) . In addition, sensitivity to error might be originating from complex spikes (CS) which are generated by Purkinje cells of the cerebellum (Marko et al., 2012; Herzfeld et al., 2014 Herzfeld et al., , 2015 . According to the internal model hypothesis this sensitivity to error should be reduced with aging. Internal model recalibration can also be measured via implicit adaptation in a task-irrelevant clamped feedback task (Morehead et al., 2017) . In this task, participants implicitly adapt their reaching movement to compensate for visual error of constant size (i.e. clamped feedback), even though they were instructed to ignore the visual feedback (Morehead et al., 2017) . This implicit adaptation requires intact cerebellar function as patients with cerebellar degeneration do not adapt to the same extent as age-matched controls. According to the internal model hypothesis the implicit adaptation to clamped visual error of constant size should be reduced for older adults as well.
To test the strategy hypothesis, we needed to measure the explicit (i.e. the strategy, which is under cognitive/voluntary control) and the implicit components of adaptation (which remains outside the conscious awareness) Taylor, Krakauer and Ivry, 2014; McDougle, Bond and Taylor, 2015) . The implicit component is a slow learning process that is temporally stable over short breaks and expressed at low reaction times, while the explicit component is a fast learning process that requires a longer preparation time to be prepared (Huberdeau, Krakauer and Haith, 2015) . To measure these two components, we used a cued adaptation task inspired from Morehead et al. in which color cues signaled the presence or absence of the perturbation (Morehead et al., 2015) . The presence or absence of the cues allows participants to switch their strategy on or off (Morehead et al., 2015) . Given that savings, which is the faster relearning of a perturbation, is restricted to the explicit component of adaptation, the strategy hypothesis predicts that both the explicit component of adaptation and savings will be impaired in older adults.
Finally, to investigate the retention hypothesis, we introduced one-minute breaks in the motor adaptation paradigm. These short breaks are known to capture the dynamics of motor adaptation well because most of the decay of motor adaptation occurs in this short timescale (Hadjiosif and Smith 2013) . In addition, 60s is considered to be enough to wash out the fast state of motor adaptation while leaving the temporally stable component intact (Sing, Najafi and Adewuyi, 2009 ). The retention hypothesis suggests that older adults will forget relatively more than young adults during one-minute break.
The objective of this paper is to test the predictions from the internal model hypothesis, the strategy hypothesis and the retention hypothesis by isolating the different components of motor adaptation in order to gain insights into the effect of aging on motor adaptation. To do so, we used state-of-the-art research methodology such as internal replication, larger groups and pre-registration of study design and analysis.
Material and methods

Participants
In total 151 healthy adults were recruited and participated after providing written informed consent. In the end 143 of the 151 participants were included in the final analyses. These 143 participants consisted of 72 young adults (between 19 and 36 years old, age: 22.8 ± 2.9 years, mean ± SD; 45 females) and 71 older adults (between 59 and 76 years old, age: 66.8 ± 4.7 years; 35 females). Data of three young participants were excluded before the analyses because their data were not saved or because they were not sober at the time of the experiment. Data of five older participants were excluded before the analyses because they did not follow instructions correctly or because they did not meet the inclusion criteria. The Edinburgh handedness questionnaire (Oldfield, 1971) revealed that all participants were right-handed. All participants were screened with a general health and consumption habits questionnaire. None of them reported a history of neurological disease or were taking psychoactive medication, however 21 older adults reported taking vasoactive medication. In older adults general cognitive functions was assessed using the Mini-Mental State Examination (Folstein, Folstein and McHugh, 1975) . All elderly scored within normal limits (score ≥ 26) (Heuninckx, Wenderoth and Swinnen, 2008) . The protocol was approved by the local ethical committee of KU Leuven, Belgium (project number: S58084). Participants were financially compensated for participation (10 €/h).
Experimental setup
Participants were seated in front of a table and were instructed to make center-out, horizontal reaching movements with their right arm on a digitizing tablet (Intuos pro 4; Wacom). The goal of each reaching movement was to slide through a target with a cursor. The targets and cursor were displayed on a 27 inch, 2560 x 1440 optimal pixel resolution LCD monitor with 144 Hz refresh rate (S2716DG, Dell), vertically mounted in front of the participant. Visual feedback was controlled with the Psychophysics toolbox under Matlab. During the reaching movements the participants held a digitizing pen in their right hand as if they were writing. They were instructed to always touch the surface of the tablet with the tip of this pen and to move their right arm and not only their wrist. A wooden cover above the tablet prevented visual feedback from their moving hand. Movement trajectories were recorded at 144 Hz. For this study, four different visuomotor rotation experiments ( Figure 1 ) were designed to investigate the three different hypotheses. (0 °, ± 7.13 °, ± 14.04 °, ± 20.56 ° and ± 26.57 °) Assessing implicit and explicit adaptation (Experiment E1; E1a and E1b) Experiment 1 (E1) was designed to test for both the internal model hypothesis and the strategy hypothesis by assessing implicit and explicit adaptation. It was a visuomotor rotation experiment, adapted from experiment 4 of (Morehead et al., 2015) with a perturbation magnitude of 40 °. The experiment consisted of a baseline block followed by two pairs of adaptation and washout blocks ( Figure 1A ). During baseline and washout blocks, we used nine targets spaced 40° apart (from 20° to 340°). During adaptation blocks, three targets were used, spaced 120° (60°,180°,300°) (filled black targets in Figure 1A ). About every 80 reaching trials a break of 60 seconds was introduced. The cursor dot remained white the entire baseline and washout blocks. However, during the two adaptation blocks, the cursor became a pink square (i.e. cued trial) instead of a white cursor dot. This cue indicated the presence of a 40° rotation. In each adaptation block, the cursor became again a white cursor dot (i.e. uncued trials) for a few trials, indicating the absence of the perturbation. The instructions were: "First, the cursor will be a white dot, but sometimes the cursor will change to a pink square. At that moment something special will happen but you still have to try to do the same thing, reach to the target with the cursor." The change in behavior induced by the cue was thus a measure of the explicit component of adaptation as participants could use the cue to switch off any conscious strategies they were applying to counteract the perturbation (Morehead et al., 2015) .
Two versions of experiment E1 were performed: E1a and E1b. In E1a, the first 80 trials were baseline trials, the two adaptation blocks were composed of 80 trials, the first washout block was 100 trials long and the final washout block 60 trials. Targets were presented purely randomly. There were eight uncued trials in each adaptation block. These eight uncued trials were trials 20, 33, 36, 40, 46, 52, 68 and 72 of the two adaptation blocks of 80 trials. In this version of experiment E1, the presence of an uncued trial should be detected by the participants themselves by carefully observing the cursor shape and color. There was no sound or text to indicate the presence of the uncued trials. Finally, in E1a, the target exploded after hitting it with the cursor, i.e. it became bigger and returned back to normal size together with an explosion sound. No maximum waiting time was imposed between trials.
In E1b, five aspects of the experimental design were modified. First, the targets were presented pseudo-randomly in cycles during baseline and washout with each of the nine targets presented once per cycle. Before the baseline block, participants performed a short dual-task experiment that consisted of a target reaching task and a cognitive reaction time task, results of the dual-task are beyond the scope of the present paper. The adaptation paradigm consisted of a baseline block of two cycles, a learning block, a first washout of 11 cycles, a relearning block and a second washout of nine cycles. In the learning blocks, 9-trial-cycles consisted of three 3-trial-subcycles because only three targets were used. In each subcycle each of the three targets was presented once. Both learning blocks consisted of 9 cycles (or 27 subcycles or 81 trials). Second, we decided to reinforce the awareness of cue switches (signaling a cued trial among uncued ones or an uncued trial among cued ones) with a warning sound played for each cue switch and with a text that indicated the cue switch, displayed for 5 s: 'Attention! The color of the cursor has changed.' Moreover, instructions were clearer in experiment E1b: "The trials with a white dot are normal reaching trials like in baseline. The trials with a pink square are special trials. The cursor will often change between a white dot and a pink square." Third, nine uncued trial were presented per adaptation block (trials 7, 16, 25, 35, 45, 53, 61, 72 and 81) . These uncued trials were equally distributed among the three targets (three uncued trials per target). Fourth, no explosions were used when hitting the target. Fifth, a maximum waiting time of 5s was implemented. If participants waited longer, the next trial was initiated. With these extra changes implemented in E1b, we think a better measure of implicit and explicit adaptation could be obtained in E1b compared to E1a for both young and older adults.
Assessing single-trial error-based learning (E2) Experiment 2 (E2) was another experiment designed for testing the internal model hypothesis. In E2 we assessed error-based learning, therefore we adapted the experiment developed by (Marko et al., 2012) (Figure 1B ). Participants experienced first 40 baseline trials with continuous cursor feedback. After these 40 baseline trials, single perturbations could be randomly interspersed throughout the experiment. Perturbations were visual perturbations of different possible angular rotation, i.e. the cursor trajectory is rotated with a given angle with respect to the hand trajectory ( Figure 1B) . The possible angular rotations were 0 °, ± 7.13 °, ± 14.04 °, ± 20.56 ° and ± 26.57 °. These angles are of similar sizes as in (Marko et al., 2012) . Each perturbation angle was experienced 10 times by each participant in both the clockwise and the counterclockwise direction. Before and after each perturbation, error-clamped trials were applied. In error-clamp trials the cursor trajectory was constrained to a straight line from the starting location to the target, regardless of the direction of the reaching movement the participant made (Shmuelof et al., 2012) . Cursor distance matched the distance of the hand from the start circle. At the same time, during these error-clamp trials the real reaching movement and hand angles were being registered. Therefore, these error-clamped trials allowed us to measure the reaction to the specific error-sizes as a change in hand angle. In total, this experiment contained 493 reaching trials. The same reaching target was presented throughout the experiment ( Figure 1B ). This target was positioned 10 cm above the central starting position (at 0 ° direction), away from the body of the participant. About every 80 reaching trials a break of 60 seconds was introduced.
Assessing stability of motor memory (E3)
Experiment 3 (E3) was selected for testing the retention hypothesis by assessing stability of motor memory ( Figure 1C ). The experiment consisted of 500 trials with a baseline block of 60 trials, two adaptation blocks of 80 trials separated by a washout block of 200 trials and a final washout of 80 trials. Every 30-40 trials a one-minute break was applied (i.e. before trial 10, 50, 70, 100, 130, 160, 200, 240, 280, 330, 350, 380, 410 and 440) . These one-minute breaks were used to study stability of motor memory (Hadjiosif and Smith, 2013) . They allow us to separate the stable part of the motor memory (remaining motor memory after the break) from the overall part (learning level before the break).
Three targets (60°, 180°, 300°) were used during the adaptation blocks, first washout block and first half of second washout block ( Figure 1C ). During baseline and during the second half of the second washout block nine targets spaced 40° were used. Similarly as in E1a, the target would explode, accompanied with an explosion sound, after hitting it with the cursor.
Direct measure of implicit adaptation (E4)
Experiment 4 (E4) was our third approach for testing the internal model hypothesis. In addition, the breaks during the learning block of E4 allowed to test the retention hypothesis. E4 was adapted from (Morehead et al., 2017) and aimed at assessing implicit adaptation independently of the explicit component. In this task, the cursor direction of motion was made completely irrelevant by dissociating it from the hand direction of motion ( Figure 1D ). That is, in these task-irrelevant clamped feedback trials, participants were instructed to ignore the cursor that is always rotated 40 ° with respect to the target direction and to try to move their hand accurately towards the target in the absence of relevant visual feedback of hand position. Targets were presented in cycles of nine trials with each cycle consisting of the nine targets presented randomly ( Figure 1D ). In total, the experiment consisted of 540 trials or 60 cycles: Baseline consisted of 12 cycles, task-irrelevant clamped feedback trials were presented for 40 cycles and washout consisted of eight cycles. One-minute breaks were given to the participants before trial 100, 200, 300 and 400. In baseline, participants could win points for accuracy. However, during the adaptation block, participants were clearly informed that is was not possible to win extra points, because the cursor could never reach the target during these trials. To keep participants motivated during the adaptation block, the amount of remaining trials was visualized on the monitor.
Organization of the experiments
The presented way of the experiments in this paper is different from the chronological way we conducted the experiment. Experiments were organized in three different paradigms. In total 143 participants took part in one of three paradigms; each paradigm consisted of two experimental sessions with a break of one week between the two sessions ( Table 1 ). The 41 young (age: 22.4 ± 1.8; 25 females) and 40 older adults (age: 66.7 ± 4.9; 17 females) of paradigm 1 and paradigm 2 started with the same experiment on error-based learning (E2) in their first session. The second session, one week after the first one, was different for these participants. In paradigm 1, 20 young (age: 22.2 ± 1.6 years; 10 females) and 20 older adults (age: 66.6 ± 4.9 years; 11 females) performed an experiment for assessing explicit and implicit learning (E1a). In paradigm 2, 21 young (age: 22.5 ± 2.1 years; 14 females) and 20 older adults (age: 66.7 ± 5.0 years; six females) performed an experiment to assess stability of motor memory (E3). In paradigm 3, 31 young (age: 23.3 ± 3.8 years; 20 females) and 31 older adults (age: 67.2 ± 4.4 years; 18 females) started in session 1 with a short visual-spatial working memory (WM) task. After this WM task, experiment 1b (E1b) was performed to assess explicit and implicit adaptation. In session 2, participants started with a neuropsychological test, the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), which quantified five cognitive measures: language, attention and visuospatial abilities, and immediate and delayed memory (Randolph et al., 1998; Duff et al., 2003) . After this test, experiment 4 (E4) was executed to assess implicit learning with task-irrelevant clamped feedback (Morehead et al., 2017) . In paradigm 1 and 2, the first session was a visuomotor rotation experiment with single perturbations in both clockwise and counterclockwise directions (see Table 1 for their amplitude). In all sessions with a 40° rotation (E1a, E1b, E3 and E4), half of the participants experienced a clockwise perturbation and the other ones a counter-clockwise perturbation. In paradigm 3, the two sessions consisted of a visuomotor rotation experiment with perturbation in clockwise (CW) or counterclockwise (CCW) direction. In this paradigm, a 2x2 design was implemented across the two sessions to counter-balance rotation direction across groups (repeated rotation: CW-CW or CCW-CCW; non-repeated rotation: CW-CCW, CCW-CW).
Preregistration
Paradigm 3 was preregistered online: http://aspredicted.org/blind.php?x=3dm6n6. This preregistration included the main hypotheses, the key dependent variables, the amount of participants, the main analyses and secondary analyses investigated with paradigm 3.
The main pre-registered analyses tested for significant differences between the two age groups. Three separate ANOVA's were applied to analyze the difference in explicit adaptation level (E1b), implicit adaptation level (E4) and the balance of explicit/implicit adaptation level with age group and rotation direction as between-subject factors.
Additional details of the experiments
Each experiment consisted of a series of reaching movements to a single white circular target located 10cm away from the central starting position. For each trial, the participant had to rapidly move his or her right hand to move a white cursor through the target.
The feedback cursor, which represented hand position (when there was no perturbation) was visible until movement amplitude exceeded 10 cm. At this point, a white square marked the position where movement amplitude reached 10 cm, providing visual feedback about the end point accuracy of the reach. The white square had sides of 1.5 mm for E2 and 5 mm for all other experiments. The cursor position froze at the end of each reaching movement and was visible for 1.5 s in paradigm 1 and 2 while it was visible for only 1 s in paradigm 3. All experiments were visuomotor rotation experiments that first started with baseline trials (no perturbation) with normal cursor feedback (i.e. the cursor represents the actual hand position) and continued with perturbation trials where the feedback was either rotated or irrelevant. Before baseline, each participant performed at least nine and maximum 90 familiarization trials to make sure that they understood the instructions and that they performed the task correctly.
There was a different number of targets used depending on the experiment (see below). In paradigms 1 and 2, targets were presented randomly. Therefore, the same target could be repeated several times in consecutive trials. In paradigm 3, targets were presented in pseudo random order. That is, targets were presented in cycles throughout the full experiment and, within each cycle, targets were shown randomly but each target was shown only once per cycle. Therefore, the same target could only be repeated maximum twice in consecutive trials.
In E2, the diameters of the starting point and the target were both 6 mm. The cursor dot had a diameter of 1.5 mm and remained white the entire session. In the other experiments, the diameters of the starting point and the target were both 10 mm and the cursor dot had a diameter of 5 mm.
While returning to the central starting position, the cursor disappeared and only a white circle (i.e. return circle) was visible. The radius of the return circle depended on the position of the pen on the tablet, i.e. the radius of the circle was equal to the radial distance between the position of the hand and the starting point. The center of the return circle was the central starting position. To reduce the time for returning to the starting point, the cursor became visible as soon as the hand was within 3 cm from the central starting position. In paradigm 1 and 2, the return circle was a complete circle. In paradigm 3, an arc was used instead of a complete circle. The reach area was divided in three different zones of 120 °. The arc was in the same 120° zone as where the participant's (invisible) hand was. Participants had to move their hand in the opposite direction of the arc in order to return to the starting location. In the last 3 cm the cursor did not become visible again. The arc allowed participants to return to the starting position and at the same time prevented the participants from using the visual feedback during the return movement to learn about the perturbation.
Participants were instructed to score as many points as possible by hitting the target with the cursor. When hitting the target, the participant received 50 points. When hitting targets correctly on consecutive trials, 10 bonus points were received for every additional trial with a correct hit (e.g. 60 points were received the second trial after hitting targets correctly on two consecutive trials, 70 points were received the third trial after hitting targets correctly on three consecutive trials). When reaching in close proximity of the target, the participant received 25 points. In E2, the zone for receiving 25 points was an additional 6 mm at both sides of the target. In E2, the zone for receiving 25 points was an additional 5 mm at both sides of the target. In E2 and E3 when participants moved too slow, too fast or inaccurate their overall score was reduced with 20 points. Negative overall scores were not possible. In E1 and E4, the overall score could not decrease.
To receive points, participants were required to reach the target between 175 and 375ms after movement onset. If the reaching movement was too slow, a low pitch sound was played and the target color switched from white to blue. If the reaching was too fast, a high pitch sound was played and the target color switched from white to red. The cumulative score of all previous trials was displayed throughout the experiment.
The experimenter (KV) was present during the entire experiment to motivate the participants to achieve the highest possible score and to make sure that the participant performed the task correctly.
The experimenter regularly reported that the participant was performing well, even when the score was below average.
At the end of the feedback period, the participant had to move the tip of the pen back to center of the tablet and wait there between 350ms and 850ms (in steps of 50ms) in order to start the next trial. In paradigm 1 and 2, no maximum waiting time existed between the different reaching movements. Therefore, participants could wait, in theory, as long as they wanted to before initiating their reach to the target. In paradigm 3, a maximum waiting time (5 s) was implemented. If participants waited too long, the next trial was initiated.
Cognitive assessment Repeatable battery for the assessment of neuropsychological status (RBANS)
Neurocognitive status is quantified with RBANS (Randolph et al., 1998) . Index scores were obtained for five domains: Immediate memory, visuospatial/constructional abilities, language, attention and delayed memory. Twelve tests are used to quantify these five domains: List learning and story memory for immediate memory, figure copy and line orientation for visuospatial, picture naming and semantic fluency for language, digit span and coding for attention and list recall, list recognition, story recall and figure recall for delayed memory. In list learning, participants have to immediately recall a list of ten words over four learning trials. In story memory, participants have to recall a story twice with 12 main items. In figure copy, they have to draw a geometric figure with 10 parts with the right accuracy and placement. Line orientation consists of 10 trials in which participants have to match two lines with a specific orientation to an array of 13 lines. During picture naming, they have to name 10 different items. In semantic fluency, participants are required to give as many items as possible for a semantic category. Digit span probes the amount of numbers a participant can keep in working memory with the amount increasing from two until nine numbers. The coding task requires the participant to transform a code into numbers as fast as possible. Finally, list recall, list recognition, story recall and figure recall tests all test performance on the list learning, story memory and figure drawing after a period of delay (Randolph et al., 1998) . The results of these cognitive tests allow to determine whether correlations exist between individuals' adaptation level and neurocognitive status. These correlations were purely exploratory.
RBANS consists of 12 tests to quantify five cognitive measures. In normative populations, the raw test scores decline with aging. Therefore, the raw test scores are first converted to index scores for six agegroups. Each age-group includes a span of 10 years, with the exception of the first age-group, which spans 20 years from age 20y until 39y. The obtained index-scores allow comparison of scores across individuals independently of their age. The sum of all index-scores gives the sum-index, which is an overall measure of cognitive performance (Randolph et al., 1998) . Average test scores are decreasing with increasing age. When participants are in a higher age-group, they need lower test scores to obtain the same RBANS index scores. The average sum-index of our young population matched with the 55 th percentile of the normative young population (20-39y) while the average sum-index of our older population matched with the 66 th percentile of the normative older population (60-79y). This means that our young population performed slightly better than the average of the normative younger population, while our older population performed even better than the average of the normative older population.
Visuospatial working memory task
A computer-based task was used to quantify visuospatial working memory capacity (WMC). Sixteen white squares (1.9 cm x 1.9 cm) were presented in a circular array (11.2 cm diameter). Three, four, five or six red circles (0.8 cm diameter) were visualized for two seconds in the 16 white squares with each red circle presented randomly in one of the 16 squares. Participants were asked to remember the positions of the presented red circles. After these two seconds, participants fixated on a white cross (0.6 cm x 0.6 cm) for three seconds. Afterwards they were asked to make a button press within three seconds to indicate whether a probed location corresponded to a position that contained a red circle before (McNab and Klingberg, 2008; Christou et al., 2016) . After the three seconds for responding, they had to fixate on a small blue cross (0.2 cm x 0.2 cm) for one second. In total, one trial had a fixed time duration of nine seconds. First participants could practice the working memory task with eight trials. After the practice session, each participant had to complete 40 trials. The 40 trials contained three, four, five or six red circles (10 trials/condition) with all conditions randomly mixed.
Data analysis
Analyses of paradigm 1 and 2 were performed without preregistration, while analyses of paradigm 3 were preregistered.
General analysis
All analyses and statistical calculations were performed in MATLAB 2017b (The MathWorks). For each reaching movement, the hand angle (relative to target angle) was calculated from the first data point exceeding 4 cm distance from the middle of the starting point. The hand angle was the primary dependent variable in all of the experiments. The angular error is the angle the cursor deviated from the target. Angular errors above 60 ° were due to inattentive reaches to previous target directions and were assumed to be outliers. These outliers were removed before processing the data. The statistically significant threshold was set at p<0.05 for the ANOVA's. We reported effect sizes (partial eta squared:
2 ) as well as F and p-values.
Analysis 1: Final adaptation level
To assess the final adaptation level of each participant, we averaged the hand angles of the 18 trials of each learning block. These hand angles were first corrected with the average hand angles of the last 18 baseline trials before each learning block. Statistical comparison was performed with three separate 2-way ANOVA's, one for each experiment. The between-participant factors were the age group (young or old) and the rotation direction (clockwise or counterclockwise). Here, we only report the differences for the learning blocks, the differences in relearning are reported together with the results of explicit adaptation and savings.
Analysis 2: Overall adaptation learning rate
An exponential function (Eq. 1) was fit to the angular errors of all the learning blocks of experiments E1 and E3 ( Figure 1) .
where n is the trial number in the specific learning block and A and B are two constants. The Bparameter is a quantification of the overall adaptation rate. We expected an increased value of learning rate for young compared to older subjects. The distribution of this parameter under the null hypothesis was obtained by computing all the possible values under resampling (N = 10.000) with random reassignment of the participants in two subgroups (without replacement). The p-value was defined as the portion of the resampled distribution that was more extreme than the observed statistic (Hesterberg et al., 2003) . Mean and standard deviation of learning rate were obtained after 10.000 bootstraps. This analysis was preregistered as a secondary analysis for E1b.
Analysis 3: Implicit adaptation with cued motor adaptation (E1a and E1b)
The first adaptation block was corrected for baseline errors by subtracting the average error of the last 18 trials of baseline. The second adaptation block was corrected by subtracting the average error of the last 18 trials of washout. We analyzed the data in all the uncued trials that were preceded by a cued trial (eight uncued trials for E1a and nine uncued trials for E1b per learning block). The amount of implicit learning was calculated as the average of the uncued trials (Morehead et al., 2015) . Two separate 2-way ANOVA's were used, one for the first and one for the second learning block, with the between-subject factors, age and rotation direction, and with the implicit adaptation as dependent variable.
Analysis 4: Error-based learning (E2)
Hand angles during the error-clamps immediately before and after a trial with an induced error were compared ( Figure 1A ). Learning was quantified for four different perturbation sizes (7.13 °, 14.04 °, 20.56 ° and 26.57°) and two directions (clockwise and counterclockwise) separately. Learning for 0° perturbation was implemented as a control measure. A repeated measures 3-way ANOVA was used with the within-subject factors, perturbation size and the rotation direction (CW and CCW), and the between-subject factor, age (young and old). The reaction to 0° error size was analyzed with a separate unpaired 2-sided t-test to make the comparison between young and old.
This analysis was repeated with the experienced errors (continuous variable) instead of the induced errors (discrete variable). First, we divided the experienced errors in discrete bin sizes. To see more details about the error correction, we chose to double the amount of bins compared to the original amount of induced error sizes. This resulted in eight bin sizes from 0° until 26.57°. Thereafter, a repeated measures 2-way ANOVA was used with the within-subject factor, the experienced error size bin (0° to 3.57°, 3.57° to 7.13 °, 7.13 ° to 10.70°, 10.70° to 14.04 °, 14.04 to 17.61°, 17.61° to 20.56 °, 20.56 ° to 24.13 °, 24.13 ° to 26.57 °) and the between-subject factor, age (young and old).
Analysis 5: Implicit adaptation with task-irrelevant clamped feedback (E4)
The amount of implicit learning was the average of the last 10 cycles of the learning block. The adaptation block was first corrected for baseline errors by subtracting the average error of the two last baseline cycles (18 trials). A 3-way ANOVA was used for analysis with the between-subject factors, age, rotation and congruency (preregistered as a primary analysis). We could verify whether congruent perturbation directions in two sessions influenced the adaptation level. Congruency defines whether the perturbations in the two sessions of paradigm 3 (E1b and E4) were in the same direction or not.
Finally, the rate of implicit adaptation was compared between young and older adults. Therefore, we fitted an exponential function (Eq. 1) to the baseline-corrected adaptation block (360 trials) and performed 10.000 resamplings as described in analysis 2 (preregistered as secondary analysis). Mean and standard deviation of learning rate were obtained after 10.000 bootstraps.
Additionally, Pearson correlations between implicit adaptation from the cued motor adaptation experiment and the implicit component from the task-irrelevant clamped feedback were calculated (Supplementary Figure 9) (preregistered as secondary analysis for E1b and E4). Correlations were determined for the combination of the same and opposite rotation directions, only the same rotation directions and only opposite rotation directions across two sessions. This resulted in six correlations which were corrected for multiple testing with false discovery rate (FDR) (Benjamini and Hochberg, 1995) .
Analysis 6: Explicit adaptation (E1a and E1b)
Baseline subtraction of the two learning blocks was the same as in analysis 5. The amount of explicit learning was calculated by subtracting hand direction in the uncued trials (see analysis 3) from the cued trials immediately preceding those (Morehead et al., 2015) . Two separate 2-way ANOVA's were used to analyze the first and second learning block with the explicit adaptation level as the dependent variable and with the between-subject factors, age and rotation. The 2-way ANOVA to analyze the first learning block of experiment E1b was preregistered as a primary analysis. To analyze savings of explicit adaptation, a 3-way ANOVA was used with the amount of explicit learning as the dependent variable, the within-subject factor, the learning block, and the between-subject factors, age and rotation.
Analysis 7: Cue-evoked savings (E1a and E1b)
In addition, cue-evoked savings was calculated as the difference in baseline-subtracted hand angles in the first trial of the relearning block compared to the first trial of the learning block (Morehead et al., 2015) . A 2-way ANOVA was used for analysis with the between-subject factors, age and rotation direction, and the dependent variable, cue-evoked savings.
Analysis 8: Balance explicit/implicit adaptation (E1b and E4)
The balance of explicit/implicit adaptation is calculated as the amount of explicit adaptation as calculated in analysis 6 divided by the amount of implicit adaptation as specified in analysis 5. A 4-way ANOVA was used with the explicit/implicit adaptation balance as the dependent variable, with age, rotation and congruency as between-subject factors and with learning block as within-subject factor. This balance calculation is highly impacted by the variability of implicit adaptation in the denominator, which induces high variability. However, it was specified in the preregistration as a primary analysis for E1b and therefore we added the results in supplementary Figure 8 .
Analysis 9: Correlation analysis between adaptation components (E1a and E1b)
We calculated the correlations between different measures of the adaptation process (overall, explicit and implicit adaptation) for participants from experiments E1a and E1b with Pearson correlation coefficients. Because these three measures of adaptation are not fully independent when computed on the same learning period, we correlated measures from the learning and relearning periods. Robust outlier removal was performed according to Pernet et al (Pernet, Wilcox and Rousselet, 2013) . The correlation analysis between the explicit and implicit adaptation was preregistered as a secondary analysis for E1b.
Analysis 10: Working memory capacity (WMC)
The computer-based working memory task allows to determine WMC with the K-value, estimating the number of items that can be stored in WM (Vogel, Mccollough and Machizawa, 2005) , calculated as K = S(H-F) using three to six items. This is similar to the original experiment (Vogel, Mccollough and Machizawa, 2005) but differs from what previous adaptation studies (Christou et al., 2016) have used where the K-value (i.e. K56) was obtained from the trials with five and six items only. We chose to measure WMC with all items because it was not possible to replicate the correlation between WMC and explicit adaptation for young participants as mentioned in (Christou et al., 2016) with the WMC measure with only five and six items. This correlation with WMC measured with all items and overall adaptation was also significant in the study of Christou (personal communication from Dr. Galea). Two separate 1-way ANOVA's with between-subject factor, age, were executed to assess age differences for the K and K56 values (preregistered as a secondary analysis for E1b and E4).
Analysis 11: Neuropsychological status
For each of the 12 individual cognitive RBANS tests each participant receives a score. The individual test scores can be converted to index scores for the five different categories by using conversion tables. These conversion tables are different depending on the age group, which makes the index scores independent of age. Finally, also an age-independent sum index can be calculated for each participant from the five index scores. Each index score is matching with a percentile of the normative population. A repeated measures 2-way ANOVA was executed with between-subject factor, age, and 12 repeated measures, one for each RBANS test score. This analysis was preregistered as a secondary analysis for E1b and E4.
Analysis 12: Correlation analysis with cognitive measures
Spearman correlation analyses were performed between individual's explicit adaptation levels (E1b) and the K-value, and between individual's explicit adaptation levels (E1b) and the RBANS cognitive scores. Outlier removal proceeded according to analysis 9. This analysis was preregistered as a secondary analysis for E1b and E4.
The two working memory capacities (K and K56) were related to two explicit adaptation components which resulted in four correlations. In the correlation analysis, we corrected for multiple comparisons by calculating the adjusted p-values with FDR.
Seven cognitive measures (figure copy, digit span, coding total, figure recall, line orientation, immediate memory and delayed memory) were related to two explicit adaptation components which resulted in 14 correlations. In the correlation analysis, we corrected for multiple testing by calculating the adjusted p-values with FDR.
Analysis 13: Short-term relative retention of motor memory
Retention of motor adaptation was quantified with a visuomotor rotation experiment (E3) with three breaks of one minute in each learning block. The stable components of adaptation ( ) are the hand angles after the breaks in the two learning blocks (Trials 11, 41 and 71 after the onset of perturbation). To estimate the level of overall adaptation before the breaks, we averaged the level of adaptation of one bin (10 trials) before the breaks ( , computed for trials 1-10, 31-40 and 61-70 after the onset of perturbation). The stable components were expressed as percentages of the overall components of motor adaptation. This percentage indicates the relative retention of motor memory with the formula:
As three breaks were present in each adaptation block, six values for relative retention were calculated for each participant. A repeated measures 4-way ANOVA was used with between-subject factors, age and rotation direction, and with within-subject factors, the two learning blocks and the three breaks in each learning block. The dependent variable was the retention of motor adaptation.
In addition, the relative retention (%) of motor adaptation was quantified for the task-irrelevant clamped feedback experiment (E4) with formula (2). Three breaks were applied in the adaptation block of experiment E4 (trial 200, 300 and 400). The overall ( ) and stable ( ) components of adaptation were calculated for each of these three breaks by averaging the hand angles of one complete cycle of nine targets, respectively before and after the breaks. A repeated measures 3-way ANOVA was used with between-subject factors, age and rotation direction, and with within-subject factor, the break number in the adaptation block. The dependent variable was the retention of motor adaptation.
Analysis 14: Relative increase in reaction time and other reaching variables
To assess the relative increase in reaction time during motor adaptation, we averaged the reaction time of the last 18 trials of each learning block. These were normalized for each participant by subtraction of the average reaction times of the last 18 baseline trials before each learning block. Statistical comparison was performed with seven separate 1-way ANOVA's, one for each experiment and one for each learning block, the between-subject factor was the age group.
Nine unpaired 2-sided t-tests were executed for each experiment to compare young and older participants for eight dependent variables of the experiments. The dependent variables were trial time duration (in s), reaching time (in s), maximum displacement, surface displacement, number of too fast trials, number of too slow trials, total score, inter-trial interval (in s) and total duration of experiment (in s). Trial time duration is the time from the start of the reaching movement to the end of it. Reaching time was calculated as the time point when participants exceeded 4 cm distance. The inter-trial interval is the time between the end of the reaching and the start of the next reaching movement. Maximum displacement and surface displacement are both indicating how curved the reaching movements were. To obtain these variables for one reaching trial, a straight line was drawn between the start and end point of the reaching movement. The maximum displacement is the maximum distance from the reaching movement to the straight line and the surface displacement is the surface between the reaching movement and the straight line (preregistered as secondary analysis for E1b and E4).
Results
Aging sometimes affects final adaptation level and the adaptation rate
Young (N = 72, age = 22.75 y +-2.85 SD) and older (N = 71, age = 66.88 y +-4.65 SD) participants performed reaching movements under visuomotor rotation. In three experiments (Figure 1 , E1a, E1b and E3), we investigated the difference in adaptation between young and old participants which typically declines with aging (Seidler, 2006 (Seidler, , 2007 Heuer and Hegele, 2008) . In these three experiments, we confirmed that older adults adapted less than younger adults (Figure 2A-C) although the extent of this decline was quite variable across experiments. To quantify the effect of age on motor adaptation, we measured its extent by looking at hand angles over the last 18 trials of the first learning block (analysis 1). The effect of age on the second (relearning) block will be evaluated in a later section (see below).
Figure 2: Overall adaptation is decreased in all three adaptation experiments for older (in orange) compared to younger adults (in blue) for A) experiment E1a, B) experiment E1b and C) experiment E3. Final adaptation level for individual young and older participants in learning block for D) experiment E1a, E) experiment E1b, F) experiment E3.
In experiments E1a and E3, we observed that the final adaptation level was significantly lower for older adults (analysis 1) (E1a (Figure 2A ): F(1,37)=22.9, p < 1x10 Beyond the final adaptation level, some studies also suggest that the rate of motor adaptation is decreased for older adults compared to younger ones (Fernández-Ruiz et al., 2000; Anguera et al., 2011) . In line with these studies and with the observation of the affected final adaptation level, we found an affected learning rate for older adults compared to younger ones in two motor adaptation experiments (analysis 2)[E1a: p < 0.0001; E3: p = 0.0009](E1a; mean ± std: young: 0.033 ± 0.006, old: 0.008 ± 0.001; E3; mean ± std: young: 0.031 ± 0.004, old: 0.016 ± 0.002). Also in line with the result of the final adaptation level, the learning rate was not affected for older adults in experiment E1b (analysis 2) [E1b: p = 0.5](E1b; mean ± std: young: 0.018 ± 0.003, old: 0.015 ± 0.002). We don't know why we observed a decrease of overall adaptation level/rate with age in E1a and E3, but not in E1b.
Internal model recalibration is increased with aging
While the overall adaptation was sometimes decreased in elderly people, this does not reveal which component of adaptation is affected. Therefore, we tested whether this deterioration of performance was due to their inability to recalibrate their internal model (implicit adaptation). Such recalibration of internal models can be measured via its measure during motor adaptation ( (Morehead et al., 2015) ; Figure 3A -D), via single-trial learning ( (Marko et al., 2012) ; Figure 3E -F) or via the drift elicited by sensory prediction errors ( (Morehead et al., 2017) ; Figure 3G -H). The impact of aging on each of these measures is reported below. sizes (7.13 °, 14.04°, 20.56° and 26.57°) .
Figure 3: Internal model recalibration is increased with aging. Results of cued motor adaptation (E1): A) Decreased overall cue-evoked adaptation for older adults, as measured with E1a. During uncued trials implicit adaptation was measured, visualized with red (older adults) and black (younger adults) dots. B) Same implicit data as fig 3A. Visualization of individual data points for implicit adaptation. C) Overall cue-evoked adaptation for older adults, as measured with E1b. During uncued trials implicit adaptation was measured, visualized with red (older adults) and black (younger adults) dots. D) Same implicit data as fig 3C. Visualization of individual data points for implicit adaptation. Results of single-trial error-based learning (E2): E) On average older adults react more to specific single induced error sizes. These data were obtained with E2, described in fig 1B. The inset shows that older adults react more to experienced errors as well. F) Same data as fig 3E, but now the Individual data points for reaction to error are shown after averaging reaction to error for error
Results of task-irrelevant clamped feedback experiment (E4): G) On average older adults adapt more implicitly, as measured with E4, described in fig 1D. Implicit adaptation for repeated perturbation is higher than for non-repeated perturbation. H) Same data as fig 3G, but now individual implicit adaptation levels are shown.
Implicit adaptation was quantified in experiment 1, a cued motor adaptation experiment ( Figure 1A ; E1), in which color cues allowed participants to voluntarily switch their explicit aiming on or off. In the first learning block of E1a, we observed no difference in implicit adaptation across age (analysis 3) (E1a ( Figure 3A ). For both learning blocks, no interaction between age and rotation direction was observed for the first and second experiment. Even though the statistical results differ across experiments, both indicate that the implicit adaptation of elderly participants was at least as good as that of younger participants.
Single-trial learning was quantified in experiment 2 (E2) by looking at how participants changed their behavior after a single perturbation trial ( Figure 3E-F) . To do so, we compared the behavior in trials before and after the participants experienced a visuomotor rotation of one of five possible angles on a single trial. As illustrated in Figure 3E and 3F, change in movement direction was increased with increasing perturbation sizes (analysis 4) [main effect of perturbation size: F(3,237) = 18.8, p < 10 When the change in hand angle was analyzed using the experienced error sizes instead of the induced error sizes, the age-effect of increased reaction to error is still present (analysis 3; inset in Figure 3E ) [F(1,79)= 294.3, p <10 -27 , 2 = 0.79]. In summary, these results show that older adults react more to errors than young adults.
During the task-irrelevant clamped feedback experiment ( Figure 1D ; E4) participants experienced a constant visual error that was irrespective of their movement, which induced a drift in the direction opposite to the cursor motion ( Figure 3G ). This change in movement direction was larger for older compared to younger adults ( Figure 3H ; ]. In addition, we analyzed the influence of the retrograde interference between the two sessions (E1b and E4, separated by one week) on our results. Participants who received the same perturbation direction (i.e. repeated direction) in both sessions reached a higher level of implicit adaptation in E4 than those who received two opposite perturbations (i.e. non-repeated) (analysis 5, Figure 3G ) (main effect of congruency, F(1,54) = 6.8, p = 0.01). However, we found no significant interactions between age and the other factors [age x rotation: F(1,54) = 0.8, p = 0.4; age x congruency: F(1,54) = 0.1, p = 0.8; age x rotation x congruency: F(1,54) = 0.2, p = 0.7]. Finally, the rate of implicit adaptation was not different between young and older adults (p = 0.002)(mean ± std; young: 8.2 x 10 -4 ± 1.4 x 10 -4
, old: 16.9 x 10 -4 ± 2.6 x 10 -4 ) (analysis 5). In summary, this experiment provides evidence that the implicit adaptation is increased in older people. Although some variability is present between the different experiments, the general trend over all experiments is an increase in internal model recalibration with aging.
The implicit component from the cued adaptation experiment (E1b) was correlated with the cursorirrelevant clamped feedback experiment (E4) (Supplementary Figure 9 ; analysis 5). However, a significant positive correlation only existed when the perturbation direction was congruent across the two experimental sessions.
Explicit strategy is decreased with aging
Besides implicit recalibration, explicit strategy is another component that contributes to the overall adaptation (Mazzoni and Krakauer, 2006; Taylor, Klemfuss and Ivry, 2010; Morehead et al., 2015) .
Here, explicit strategy was quantified with the cued motor adaptation experiment ( Figure 1A ; E1a and b) as the explicit adaptation level in each of the learning blocks. In the first learning block, explicit adaptation level was significantly decreased for older compared to younger in experiment E1a, but not in experiment E1b (analysis 6) [ Figure 4A In addition, we quantified savings as it has been linked to the retrieval of the explicit strategy (Morehead et al., 2015) . Therefore, we reasoned that savings should be smaller in old compared to young participants. Savings is quantified via the explicit adaptation level in the second learning block (Fig. 4A-B ) and via cue-evoked savings ( Figure 4C-D) .
Savings can be quantified as the increase of explicit adaptation from the first towards the second learning block (analysis 6). An effect of learning block did not exist in E1a [E1a: F(1,38) = 1.9, p = 0.2] but the increase of explicit adaptation from first to second learning block was lower for older adults [E1a: interaction age*learning block: F(1,38) = 6.3, p = 0.02]. However, in E1b an effect of learning block existed [E1b: F(1,60) = 21.1, p < 10
] but the increase of explicit adaptation from first to second learning block was not different between young and older adults [E1b: interaction age*learning block: F(1,60) = 0.5, p = 0.5].
Cue-evoked savings, which is the difference in adaptation level between the first trial of the relearning block and the first trial of the learning block, was significantly decreased for older compared to younger adults in E1a (analysis 7) [ Figure 4C ; E1a: F(1,35) = 4.25, p = 0.047, 2 = 0.108], but not for E1b [ Figure   4D ; E1b: F(1,58) = 2.06, p = 0.2, 2 =0.034].
All measures of explicit strategy were significantly decreased for the group of older participants in E1a, while in E1b this decrease was not significant. In parallel, overall adaptation was significantly decreased for older adults in E1a, while in E1b overall adaptation was not significantly decreased. Altogether, these results show that explicit adaptation is decreased with aging, at least if overall adaptation is decreased as well. This suggests that differences in adaptation between young and old, if any, are due to the explicit component of adaptation. Therefore, we can predict that the amount of explicit component will be positively correlated with the amount of overall adaptation.
Overall adaptation is associated positively with explicit adaptation but negatively with implicit adaptation
Such positive correlation (Figure 5A -B; analysis 9) was indeed observed between overall adaptation and explicit adaptation while there was no or a negative correlation ( Figure 5C -D) between overall and implicit adaptation. This suggests that the implicit component cannot be responsible for the decline of overall adaptation in elderly. The negative correlation between implicit and explicit adaptation ( Figure  5E -F) may even suggest that the implicit component compensates for declines of explicit adaptation in elderly. We quantified the correlations by comparing components from different learning blocks in order to make sure that the measurements were independent from one another.
In addition, all participants' visuospatial working memory capacities (WMC) and neuropsychological status were quantified (analysis 10 and 11). WMC was declined in our older compared to our younger group (WMC-K: F(1,59) = 13.33, p = 0.0006; WMC-K56: F(1,59) = 9.95, p = 0.0025). In general, the younger group performed better than the older group for the RBANS cognitive assessment (F(1,60)= 37.6, p < 10 -7
). Explicit strategy correlated positively with visuospatial WMC when combining data from young and older participants (Figure 5G -J; analysis 12) but we failed to replicate the correlation between WMC-K56 and explicit adaptation for young participants (Supplementary Figure 11) . Other cognitive factors were also positively correlated with adaptation measures (Supplementary Table 2 ; Supplementary Figure 10 ; analysis 12) when combining data from young and old of the cued motor adaptation experiment (E1b). Correlations existed between explicit strategy and three RBANS cognitive scores (digit span, figure recall and line orientation test scores). Together, these correlations suggest that explicit strategy is positively associated with visuospatial abilities (visuospatial WMC, figure recall and line orientation) and attention (digit span) in both younger and older adults. 
G-H) Positive significant correlations between explicit strategy (y-axes) and visuospatial working memory capacity (K) (x-axes).
I-J) Positive correlations (only 1 significant) between explicit strategy (y-axes) and visuospatial working memory capacity (K56) (x-axes). Correlation coefficients are Spearman correlations. P-values are adjusted p-values with FDR.
Short-term relative retention of motor adaptation memory is not affected
In the retention hypothesis, a decreased trial-to-trial retention of motor adaptation is thought to account for a reduced amount of adaptation with aging (Trewartha et al., 2014; Malone and Bastian, 2015) . To investigate the age-effect on retention of motor memory, we introduced one-minute breaks as these short breaks are known to capture the dynamics of motor adaptation well because most of the decay of motor adaptation occurs in this short timescale (Hadjiosif and Smith, 2013 ). Short-term relative retention was assessed with a regular visuomotor rotation experiment with three breaks of one minute in each learning block (E3; Figure 1C ) and with three breaks of one minute in the taskirrelevant clamped feedback experiment (E4; Figure 1D ). Results are shown in Figure 6 . Given that the data for the first breaks in E3 are extremely noisy, we redid the analyses on the last two breaks only. These analyses confirmed that there were no differences in relative retention between the two age groups [F(1,35) = 2.6, p = 0.11, 2 = 0.07]. Finally, no interactions between age and other factors were observed. Therefore, we can conclude that short-term relative retention was not affected with aging. 
Reaction time not a good indicator for explicit strategy in older adults
In young adults higher reaction times are associated with more explicit strategy Taylor and Mcdougle, 2016) . However, across groups this relation seems not true because we found a relative increase in reaction times (RT) despite a reduced explicit strategy for older adults instead of a decrease of RT for older adults compared to younger ones ( 
However, older adults increased their RT more than younger adults during adaptation. A) RT during cued adaptation experiment (E1a), B) Relative RT increase during learning blocks of the cued motor adaptation experiment (E1a), C) RT during cued adaptation experiment (E1b). D) Relative RT increase during learning blocks of the cued motor adaptation experiment (E1b), E) RT during retention experiment (E3), F) Relative RT increase during learning blocks of the short-term retention experiment (E3), G) RT during task-irrelevant clamped feedback adaptation (E4). H) Relative RT increase during task-irrelevant clamped feedback adaptation (E4).
In addition to the effect of age on reaction time, other experimental variables were investigated with respect to age such as reaching time, movement curvature, etc. In general, older adults were reaching slower towards the targets and they took more time between the different reaching trials than young adults. In addition, their reaching movements were more curved and they obtained lower scores. For completeness, we presented the different variables in supplementaryTable 3. We do not think that these variables influenced our adaptation results because they could not account for the fact that some components of adaptation are improved or unimpaired in older participants (e.g. Implicit component and relative retention) while others are affected (e.g. explicit component, overall adaptation). In addition, for every reaching trial the adaptation level was measured before any visual feedback adjustments could be applied by the participant which implies that increased reaching times for elderly will not impact our measures of adaptation components.
Discussion & Conclusion
In this paper, we tested three different hypotheses that could account for the observed age-related deficits in motor adaptation tasks in several experiments over large groups of participants. First, we found that implicit adaptation was not affected or even increased in older adults compared to younger ones. This is inconsistent with the internal model hypothesis. Second, our data are consistent with the strategy hypothesis as we found a lower explicit component during motor adaptation in older people. Third, we did not find any support for the retention hypothesis, as short-term retention of motor memory was indistinguishable between young and old participants. Together, these results suggests that, despite age-related cerebellar degeneration, internal model function remains intact with aging and could even compensate for deficits in the explicit component.
Internal model recalibration is intact or even increased in older people
While previous studies assumed that age-related degeneration of the cerebellum, which is linked to internal model recalibration (Martin et al., 1996; Smith and Shadmehr, 2005; Tseng et al., 2007; Morehead et al., 2017) , was responsible for the decline of motor adaptation with aging (Seidler, 2006 (Seidler, , 2007 , our data are at odds with this view. Indeed, across four experiments (Figure 3 ), we found that internal model recalibration was intact or even increased with aging. Rather, this is consistent with the fact that several studies did not observe differences in after-effect between young and old people. Yet, our data even support the possibility that internal model is increased in older people compared to younger ones. Indeed, we found that both error-sensitivity and implicit adaptation increased with aging. This is a remarkable observation for two reasons. First, it demonstrates the interplay between different brain regions, where one brain area (here the cerebellum) might compensate for deficits in another brain region. This is consistent with brain imaging studies where the cerebellum is increasingly activated by motor tasks in old but not in young people (Mattay et al., 2002; Heuninckx et al., 2005; Heuninckx, Wenderoth and Swinnen, 2008) and with the fact that cerebellar volume is shrinking relatively less with age compared to other brain regions such as lateral prefrontal cortex (Raz et al., 2005) . Second, we observed intact internal model function despite the known age-related changes in cerebellar structure. While we don't currently have data on our participants about the extent of cerebellar degeneration, decrease in cerebellar volumes between 30 and 70 years old appears to be consistent across individuals (Walhovd et al., 2011) . If so, our study suggests an important dissociation between cerebellar structure and cerebellar function and raises the question of how much volume can be lost without affecting internal model recalibration. Indeed, it is known that extensive loss of cerebellar volumes in patients with cerebellar degeneration do affect internal model function (Smith and Shadmehr, 2005; Morton and Bastian, 2006; Taylor, Klemfuss and Ivry, 2010; Gibo et al., 2013; Morehead et al., 2017; Criscimagna-hemminger, Bastian and Shadmehr, 2018) . In addition, it would be interesting to know how age-related volume loss in different regions of the cerebellum affects internal model recalibration as anterior regions are more linked with visuomotor adaptation while posterior regions of the cerebellum are linked with force field adaptation (Donchin et al., 2012) . In our sample, age-related changes of the cerebellum, if any, had no negative impact on internal model recalibration during visuomotor adaptation. Below, we outlined three possible explanations for our observation of the increased internal model recalibration of our sample of older people.
A first explanation for the observation of increased error-sensitivity and implicit adaptation is an altered sensory integration with aging and an intact internal model recalibration. Let us assume visual acuity to be similar for both our young and older participants but arm proprioception to be reduced in the older participants (Goble et al., 2009) . This assumption would result in an up weighting of visual compared to proprioceptive feedback in the older participants to obtain an optimal Bayesian sensorimotor integration (Ernst and Banks, 2002; Van Beers, Wolpert and Haggard, 2002; Kording and Wolpert, 2004) . The up weighted visual feedback would create an increased sensory-prediction error for older versus younger adults and as such result in an increased reaction to error in the single trial error learning experiment (E2) and a higher level of asymptote in the task-irrelevant feedback experiment (E4). Hence, this first explanation is consistent with a change in the input to the internal model with aging and requires intact internal model function.
The second explanation is an increased weighting of the predicted sensory feedback from the internal model with respect to the sensory feedback because of the age-related reduction in proprioceptive acuity. Indeed, it is known that state estimation results from a weighted average between sensory information and "prior" predictions in function of their reliability (Körding and Wolpert, 2004) . Changes in reliability of one of those two signals could therefore impact motor control by altering the weighting of these two signals. Recently, such an increased reliance on sensorimotor prediction in proportion to reduced proprioceptive sensitivity was observed with aging for a force matching task (Wolpe et al., 2016) . Therefore, we proposed here that internal models are recalibrated similarly in young and elderly people. However, because of the age-related decrease in the reliability of the proprioceptive information, the output of the internal model has more weight in the reliability weighted integration between internal model output and proprioceptive information.
A third explanation that could account for the observed increased error-sensitivity and implicit adaptation in elderly people is an actual increase of internal model recalibration with aging. An increased internal model recalibration means that older adults react more to sensory prediction errors of the same amplitude compared to younger people. This explanation would be compatible with the push-pull mechanism between explicit and implicit adaptation proposed by several authors (Taylor and Ivry, 2011; Heuer and Hegele, 2014; Christou et al., 2016) . In these studies, these authors suggest that the decrease in explicit adaptation elicit the increase in implicit adaptation (i.e. internal model recalibration) in order to compensate for it. This is also compatible with our data as we observed a negative correlation between explicit and implicit adaptation components ( Figure 5I -J). However, this explanation can only hold when both an explicit and implicit component of motor adaptation are present like in the cued motor adaptation experiment (E1). Yet, we also observed increased implicit adaptation in the absence of this impaired explicit component in the single-trial learning task (E-1) and in the task-irrelevant clamped feedback task (E4). Therefore, our data suggest that increased internal model recalibration is independent of the deficit in the explicit component of adaptation, at least in some situations. In sum, the third explanation suggests that the same input results in an increased output by increased internal model recalibration.
The different explanations are compatible with each other, as such they might all be valid. In addition, they all rely on the assumption that internal model function is not deteriorated by aging. Future experiments should be designed to test each of them separately. By doing so, we can eventually build a model for sensorimotor integration that is valid across age.
The explicit component of adaptation is reduced in elderly people
We observed a difference in overall motor adaptation with aging when there was an age-related deficit in explicit adaptation ( Figure 4A-B) . In contrast, when the explicit component was unimpaired, so was the overall motor adaptation, as observed in experiment E1b. This observation provides additional evidence for the strategy hypothesis which states that explicit adaptation is affected with aging and is causing the decline of overall motor adaptation (Bock, 2005; Heuer and Hegele, 2008; Hegele and Heuer, 2010) . In addition to a decline in explicit adaptation, we found a reduction of savings with aging. First, the increase of explicit adaptation level from the first to the second learning block was lower in older adults. This finding is in contrast with previous studies that reported no difference in savings with aging (Seidler, 2007) . Second, cue-evoked savings (Morehead et al., 2015) , during which participants adapted within a single trial on the basis of a contextual cue, was lower in older adults ( Figure 4C and D). Across these measures of adaptation, we found a deficit in explicit component with age.
Short-term retention of motor memories is intact in elderly people
We observed no age-related decrease of relative retention of motor adaptation. This implies that the rate of retention is not affected with aging and that the retention hypothesis is not correct. Our observation of no short-term retention deficit after a one minute break is in contrast with previous work that shows retention deficits of motor adaptation after breaks of five minutes (Malone and Bastian, 2015) or that shows retention deficits with an indirect modeling approach (Trewartha et al., 2014) . An explanation for this contradiction is the difference between the different paradigms (length of breaks, walking adaptation vs reaching adaptation, the indirect versus direct approach).
Conclusion and outlook
Our results show that neither internal model recalibration nor short-term retention of motor adaptation are reduced with aging. Rather, we demonstrate that cognitive processes involved in motor adaptation are impaired in older participants. Therefore, our data provides support for the "strategy hypothesis", which states that age-related decline in motor adaptation is due to cognitive deficits. This study is the largest study so far investigating the impact of aging on motor adaptation processes. Yet, it leaves us with two important puzzles for the future. First, we expect a remarkable dissociation between age-related degeneration of the cerebellum and the intact or even improved function of this brain region (i.e. internal model function). Future studies should investigate the link between cerebellar volume and implicit motor adaptation. In addition, this study focuses on an older population between 60 and 75 years old, which is still relatively young. It remains to be investigated whether further reduction in cerebellar volume through aging elicit an impairment in internal model function for people above 80 years old. Second, possible explanation of the increased internal model recalibration observed are linked to proprioceptive acuity. Therefore, future studies should systematically investigate the link between implicit motor adaptation and error sensitivity and proprioceptive acuity (Ostry et al., 2010; Wong et al., 2012) .
Our study suggests that local structural brain changes might not always directly affect function and that neuroscience requires intelligent analyses and behavioral approaches in order to better understand how the brain works (Jonas and Kording, 2017; Krakauer et al., 2017; Herzfeld and Shadmehr, 2018) . By following such an approach, we can eventually build models for sensorimotor functioning that are valid across age. Such models could help us to design smarter rehabilitation strategies for older adults with neurological disease or to delay deterioration of motor functioning with aging. Contrary to expectations, no significant balance difference existed between young and older adults. The balance variable consisted of a division by the implicit adaptation which induced high variability. Due to the high variability the power of the experiment was probably too low to detect a significant difference.
Correlation between cued implicit adaptation (E1b) and task-irrelevant clamped feedback adaptation (E4)
Figure 9: Correlation between cued implicit adaptation (E1b) and task-irrelevant clamped feedback adaptation (E4) (preregistered secondary analysis) (analysis 9). P-values adjusted with FDR.
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